The present study reports a novel nonviral method to efficiently and specifically target carcinoembryonic antigen (CEA)-producing cholangiocarcinoma (CC) cells in vitro. Epstein-Barr virus (EBV)-based and conventional plasmid vectors were constructed that possess the ␤-galactosidase (␤-gal) or herpes simplex virus-1 (HSV-1) thymidine kinase (Tk) genes as well as tandem repeats of the human genomic sequence Ϫ82 to Ϫ42 bp from the transcriptional start site of the CEA gene. The plasmids were transfected by means of polyamidoamine dendrimer into CEA-positive (HuCC-T1) or -negative cell lines. Transfection of the conventional plasmid vector with the CEA promoter and ␤-gal gene resulted in a very low or undetectable level of marker gene expression even in the CEA-positive cell line. Transferring the HSV-1 Tk gene by conventional plasmid did not affect the susceptibility of HuCC-T1 cells to ganciclovir. In marked contrast, strong ␤-gal expression was specifically obtained in HuCC-T1 cells by transfecting the EBV-based plasmid in which the CEA promoter and a ubiquitous promoter (SR␣) are employed to drive the EBV-encoded nuclear antigen 1 (EBNA1) and ␤-gal genes, respectively (pTES.␤). Furthermore, CEA-positive but not -negative tumor cells were rendered highly susceptible to ganciclovir when transfected with the EBV-based vector that carries the CEA promoter-EBNA1 and SR␣-HSV-1 Tk genes (pTES.Tk). These results strongly suggest that the EBV-based plasmid vector/cationic polymer system (EBV/polyplex) equipped with the CEA promoter provides an efficient nonviral method for the targeted gene therapy of CEA-producing malignancies.
T he prognosis of cholangiocarcinoma (CC) is poor.
Surgery is the only effective therapy, but in most cases, CC is diagnosed too late to be completely resected. Only 15-20% of patients have resectable tumors.
1,2 Patients with unresectable tumor do not survive 5 years after surgery, and their median survival is 8 months. 3 There is no effective chemotherapy or radiation therapy, and little progress has been made in the treatment of this cancer. A new strategy is needed to treat advanced CC, and gene therapy is an attractive choice.
For effective and safe suicide gene therapy, it is necessary to induce strong, tumor-specific gene expression. To this end, the use of the tumor-specific promoters, such as ␣-fetoprotein and carcinoembryonic antigen (CEA) promoters, shows promise. The ␣-fetoprotein promoter has been used successfully to target hepatocellular carcinoma (HCC) in combination with adenovirus or retrovirus vectors. 4 -7 CEA is a widely used tumor marker, especially for cancers in the gastrointestinal tract. It is a 180-kDa glycoprotein with an oncofetal expression pattern. 8 In some earlier studies, the CEA promoter was employed to target CEA-producing tumors. 9 -13 Most of these studies employed a DNA fragment corresponding to the CEA gene upstream regulatory regions originally reported by Schrewe et al 14 (Ϫ316 to ϩ107 from the transcriptional start site). Richards et al 9 reported that the sequence between Ϫ41 and Ϫ18 was essential for transcription from the CEA promoter. Multimerization of the sequence Ϫ89 to Ϫ40 resulted in an increase in both the expression level and specificity for CEA-positive cells in a copy number-dependent manner. Tumor-specific gene expression was achieved with retrovirus or adenovirus vectors. 9, 15, 16 In the case of nonviral vectors, however, transfection with plasmid vectors carrying the CEA promoter did not result in sufficient therapeutic outcome. 17, 18 Nonviral vector systems may provide safe gene delivery due to their low immunogenicity and cell toxicity. However, the nonviral systems devised to date have generally been insufficient in terms of intensity and longevity of gene expression. This may be the reason why nonviral systems engaging the CEA promoter were not successful in eliciting a therapeutic outcome specific for CEA-producing tumor cells.
We have demonstrated previously that extremely efficient transfection can be achieved by using EpsteinBarr virus (EBV)-based plasmid vector. 19 -23 The EBVbased plasmid vector carries the EBV-encoded nuclear antigen 1 (EBNA1) gene and origin of replication (oriP) region from the EBV genome. 24, 25 Through binding to oriP, EBNA1 facilitates nuclear localization, binding to the nuclear matrix, and replication of the plasmid DNA. Another function of EBNA1 is transcriptional up-regulation, and these functions make this vector highly efficient. 26 -30 No infectious virus particle can be produced using this vector. Recently, we have reported that use of the EBV-based plasmid vector combined with polyamidoamine dendrimer (PAAD) (EBV/polyplex) resulted in a markedly high expression in human HCC and Ewing's sarcoma cell lines, suggesting the potential usefulness of the EBV/polyplex system for gene therapy. 31, 32 However, no study has been reported in which a tumor-specific promoter was employed in the EBVbased plasmid vector to target tumor cells. In this study, we combined the multimerized CEA promoter with the EBV/polyplex system to establish an efficient nonviral strategy to target CEA-producing cancers.
MATERIALS AND METHODS

Plasmid vectors
The CEA promoter was constructed according to the published sequence.
14 The upstream region Ϫ89 to ϩ77 bp from the transcriptional start site of the CEA gene was amplified by polymerase chain reaction with a pair of primers (sense primer, 5Ј-TATGATATCAGGGGAGGGGACAGAGGACA; antisense primer, 5Ј-GGGATCGATCGAGAAGAGCTTGAGT-TCCA). The resultant polymerase chain reaction product was inserted into the pBluescript II phargemid (Stratagene, La Jolla, Calif). Tetraplicated CEA promoter was constructed by a standard molecular biology technique (Fig 1) . Four plasmid vectors, pSES.␤, pS.␤, pSES.Tk, and pS.Tk (Figs 2 and 3) , have been described previously. 21, 31 The other plasmid vectors, pT.␤, pTES.␤, pSET.␤, pTET.␤, pT.Tk, and pTES.Tk (Figs 2 and 3), were constructed by substituting the tetraplicated CEA promoter for the SR␣ promoter in pS.␤, pSES.␤, pS.Tk, or pSES.Tk.
Cell lines and cell culture
HuCC-T1 and SSP-25 cells were purchased from the Health Science Research Resources Bank (Osaka, Japan) and Riken Cell Bank (Tsukuba, Japan), respectively. These cells were maintained in RPMI 1640 medium (Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine sera, 2 mM L-glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin. A4573 cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine sera, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 g/mL streptomycin.
CEA production assay
Cells were plated at a density of 2 ϫ 10 5 cells/well in 24-well cell culture plates (Corning, Corning, NY); after 48 hours of cultivation at 37°C in 5% CO 2 /95% humidified air, the culture medium was renewed. Seven days later, the supernatant was collected and the CEA concentration was measured by solid phase radioimmunoassay using a CEA RIABEAD kit (Dainabot, Tokyo, Japan). CEA expression was standardized based on the protein content of cells measured by a protein assay kit. 33 Transfection by PAAD Cells were seeded into wells of 6-well plates (Becton Dickinson Labware, Franklin Lakes, NJ) at a density of 1 ϫ 10 5 (HuCC-T1) or 3 ϫ 10 5 (SSP-25) cells/well and incubated at 37°C in 5% CO 2 /95% humidified air. On the following day, 2 g of DNA was mixed with 30 g of PAAD (generation 5) (Qiagen, Hilden, Germany) in RPMI 1640 and incubated for 10 minutes at room temperature. The complex was added to 600 L of complete medium and immediately transferred to cells that had been washed with phosphate-buffered saline (PBS). The cells were incubated at 37°C in 5% CO 2 /95% humidified air for 2 hours, and the medium was renewed.
5-bromo-4-chloro-3-indolyl ␤-D-galactoside (X-Gal) staining
Cells were fixed with 1% glutaraldehyde/PBS for 10 minutes, washed three times with PBS, and subsequently incubated for 3 hours at 37°C in X-Gal staining solution (0.05% (vol/vol) X-Gal (Nacalai Tesque, Kyoto, Japan), 1 mM MgCl 2 , 150 mM NaCl, 3 mM K 4 [Fe(CN) 6 ], 3 mM K 3 [Fe(CN) 6 ], 60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , and 0.1% Triton X-100). The reaction was terminated by replacing the solution with 1 mM ethylenediaminetetraacetic acid/PBS. 
␤-galactosidase (␤-gal) assay
Cells were scraped off dishes, washed twice with PBS, and resuspended in 50 L of tris(hydroxymethyl)aminomethaneHCl (pH 7.8). After two cycles of freezing and thawing, the lysate was centrifuged at 15,000 rpm for 5 minutes. The ␤-gal activity in the supernatant fraction was assayed with a ␤-gal assay kit (Invitrogen, San Diego, Calif) according to the manufacturer's protocol. The optical density (OD) was measured at 420 nm. Activity was calculated using the following formula: ␤-gal units ϭ ([OD 420 ϫ 380]/30)/mg protein, where 380 is a conversion factor and 30 is the time of incubation in minutes. The ␤-gal activity was standardized based on the amount of protein in the supernatant, as determined with a protein assay kit. 33 
Alamar blue assay
The susceptibility of cells to ganciclovir (GCV) was examined by Alamar blue assay as described previously. 34, 35 Briefly, quadruplicate aliquots of cells were seeded in 96-well, flatbottom microtiter plates (Falcon, Lincoln Park, NJ) (5 ϫ 10 3 cells in 200 L of complete medium per well). After 24 hours, GCV was added at various concentrations ranging from 0 to 10,000 M. After further incubation in 5% CO 2 /95% humidified air at 37°C for 120 hours, Alamar blue (Alamar Biosciences, Sacramento, Calif) was added according to the manufacturer's protocol. The cells were further cultured for 4 hours, and the OD of each well was measured with a microplate reader at test and reference wavelengths of 570 and 600 nm, respectively.
RESULTS
Production of CEA protein by tumor cell lines
In the present study, we employed two CC cell lines, HuCC-T1 and SSP-25, as well as a Ewing's sarcoma cell line, A4573. Earlier reports have shown that the transcription level of the CEA gene correlates with the CEA protein level 36 -38 and that most of the CEA protein is secreted into medium. 9 Therefore, we measured the CEA content in culture media. CEA was detected in the media of HuCC-T1 cells but not in the media of SSP-25 and A4573 cells ( Table 1) . The results are consistent with those published earlier. 39 Comparison of transfection efficiencies with pSES.␤ and pS.␤ To test the effectiveness of the plasmid vectors carrying EBNA1 and oriP, we transfected the three cell lines with pSES.␤, a ␤-gal expression vector containing EBNA1 and oriP, or pS.␤, a conventional plasmid vector (Fig 2) . A total of 2 g of DNA was combined with 30 g of PAAD to transfect the cells in each well of a 6-well plate. On day 3 posttransfection, the ␤-gal activities were measured. As shown in Figure 4 , the ␤-gal activities provided by pSES.␤ /PAAD were 3.4 to 13.4 times higher than those provided by pS.␤ /PAAD in all of the cell lines. X-Gal staining also revealed that HuCC-T1, SSP-25, and A4573 cells transfected with pSES.␤ /PAAD showed high-level ␤-gal expression. (Representative data are shown in Fig 5, a-c .)
The data are compatible with our previous studies demonstrating the superiority of the EBV plasmid to conventional plasmid vector in various tumor as well as primary cells. 23, 31, 32 Cell type-specific expression of the ␤-gal gene Because pSES.␤ has a strong universal promoter (SR␣), ␤-gal was strongly expressed in both CEA-positive and -negative cell lines transfected with pSES.␤. To target CEA-producing cells, we constructed three EBV-based plasmids, pTES.␤, pSET.␤, and pTET.␤, that contain the CEA promoter upstream of the EBNA1 gene, ␤-gal gene, or both (Fig 2) . A conventional plasmid vector that possesses the ␤-gal gene under the control of the CEA promoter (pT.␤) was also constructed.
We tested the efficiency and specificity of these plasmids by transfecting them via PAAD into HuCC-T1, SSP-25, and A4573 cells. pT.␤ did not provide high ␤-gal activity in the cell lines tested (Fig 6d) . This indicates that a conventional plasmid vector with CEA promoter is insufficient to induce high-level marker gene expression even in CEA-positive cells. When pSET.␤ was transfected, the ␤-gal activity in HuCC-T1 was about one-seventh of that given by pSES.␤ (Fig 6a) . A considerable level of ␤-gal activity was also detected in A4573, indicating that pSET.␤ was lacking not only in activity but also in specificity. The ␤-gal activities provided by pTET.␤ were very weak in both CEA-positive and -negative cell lines (Fig 6c) . In contrast, when pTES.␤ was transfected, both SSP-25 and A4573 cells exhibited very low levels of ␤-gal activity, whereas HuCC-T1 had strong enzyme activity (Fig 6b) . The X-Gal staining also confirmed the strong expression of ␤-gal exclusively in the CEA-producing tumor cells (Fig 5, d-f ). These results indicate the usefulness of pTES.␤ as a plasmid for tumor-specific transfection.
We examined the kinetics of the ␤-gal activity in HuCC-T1 cells provided by pTES.␤ transfection. Strong ␤-gal activity was observed from 2 to 7 days after transfection (Fig 7) . After day 7, the expression gradually diminished, but even on day 21 posttransfection, ␤-gal activity was detectable.
Targeted killing of CEA-producing cells by pTES.Tk To investigate whether CEA-positive tumor cells can be specifically killed by a nonviral vector system, four plasmid vectors carrying the herpes simplex virus-1 (HSV-1) thymidine kinase (Tk) gene were constructed (pSES.Tk, pS.Tk, pT.Tk, pTES.Tk) (Fig 3) . They were transfected into HuCC-T1 or SSP-25 cells by means of PAAD. At 72 hours posttransfection, cells were cultured in the presence of various concentrations of GCV, and 5 days later, their viabilities were measured by Alamar blue assay. Both cell lines transfected with pSES.Tk were rendered highly susceptible to GCV compared with mock-transfected cells (Fig 8, a and e) . The transfection with pS.Tk moderately affected the susceptibilities of these cell lines to GCV (Fig 8b) . These observations with pSES.Tk and pS.Tk are consistent with our previous results using HCC and Ewing's sarcoma cell lines. 31, 32 The pT.Tk/PAAD did not significantly affect the susceptibility of either cell line to GCV; the susceptibility curves were similar to those of mock-transfected cells (Fig 8, c and e) . This observation is compatible with the results for pT.␤ (Fig 6d) . Compared with pS.Tk, the suicide effect provided by pT.Tk was weaker, indicating that the promoter activity of the CEA promoter is weaker than that of SR␣ (Figs 4 and 6 ). Therefore, a therapeutic effect cannot be expected with this plasmid vector. In marked contrast, the GCV sensitivity of HuCC-T1 was sufficiently elevated by pTES.Tk, whereas that of SSP-25 was not altered by the same plasmid (Fig  8d) . The percent cell survival curve of pTES.Tk-transfected SSP-25 cells was similar to that of the mocktransfected cells (Fig 8, d and e) , whereas HuCC-T1 cells transfected with pTES.Tk exhibited nearly the same percent cell survival curve as pSES.Tk-transfected HuCC-T1 cells (Fig 8, a and d) . This finding indicates that pTES.Tk specifically affects CEA-positive cells, leaving the CEA-negative cells unaffected.
In the aspects of clinical usage, the killing effects of these vectors were tested by culturing cells in the presence of 10 and 30 M GCV after the transfection. It has been reported that patients systemically administered this prodrug exhibit a serum concentration of 2.7 to 22.3 M. 40 In the presence of 10 M GCV, HuCC-T1 cells transfected with pTES.Tk showed a marked reduction in viability, whereas SSP-25 cells transfected with the same plasmid remained viable (data not shown). Even in the presence of 30 M GCV, which is beyond the peak serum level, the viability of the SSP-25 cells transfected with pTES.Tk was preserved (Fig 9) , indicating CEA-negative cells were safe. Transfection with pT.Tk did not affect the viability of either CEA-positive or -negative cells. The results strongly suggest that pTES.Tk but not pT.Tk can elicit significant therapeutic effects.
DISCUSSION
In the present study, we have established an in vitro model system for targeted suicide gene therapy of CEA-producing cancer by using EBV/polyplex. Transfection with a non-EBV, conventional plasmid vector carrying the same promoter did not result in significant marker gene expression or effective killing of the CEApositive cells. Therefore, the present results demonstrate the usefulness of EBV-based but not conventional plasmid vectors in targeted suicide gene therapy for cancer.
We and others have reported that plasmid vectors carrying oriP but not EBNA1 were effective in vitro in targeting EBV-associated lymphoma cells. 20, [41] [42] [43] These particular tumor cells express endogenous EBNA1, which allows very strong expression when an oriPbearing plasmid is introduced. Because most normal cells do not express EBNA1, this strategy elicits specific killing of EBNA1-positive tumor cells. However, cancers not latently infected with EBV cannot be targeted by this method. To transfer the suicide gene into EBNA1-negative cancer cells, we used an EBV-vector carrying TANAKA, IWAI, HARADA, ET AL: NONVIRAL GENE TRANSFER TO CEA-POSITIVE TUMOR CELLS both oriP and EBNA1 and succeeded in effectively killing the cancer cells both in vitro 31 and in vivo. 32 In previous studies, we employed a ubiquitous promoter and did not aim at targeting tumor cells. Therefore, the present study is the first in which an EBV-negative tumor was targeted by an EBV-based plasmid vector equipped with a tumor-specific promoter.
To our knowledge, there have been two earlier studies in which targeted gene transfer into CEA-positive tumors was attempted by transfection with conventional plasmid vectors via nonviral methods. Fichera et al 17 used liposome to deliver a plasmid vector in which the 490-bp sequence corresponding to the human CEA promoter was included to regulate the luciferase gene as a marker. Kurane et al 18 used a plasmid vector containing a chimeric promoter consisting of the CEA promoter (a 424-bp fragment upstream of the translational start site originally reported by Schrewe et al 14 ) and an enhancer from the immediate early gene of cytomegalovirus. Antibody against the Lewis Y antigen was also employed to improve the specificity of the vector. 18 In both studies, however, only marker genes were transferred. Although specific expression was achieved in CEA-positive cells, the expression level was very low, with the duration of gene expression being short. No therapeutic effect was shown, probably due to the low level of expression obtained with the non-EBV-type plasmid vectors.
PAAD is a positively charged synthetic polymer created recently. 44 -47 It is a macromolecule that is spherical in shape and composed of repeating polyamidoamino subunits. It has been shown that PAAD is an efficient vehicle to transduce genetic materials into mammalian cells. We have reported recently that by using PAAD, extremely efficient gene transfer can be achieved in tumor cells both in vitro 31, 32 and in vivo. 32 Therefore, the EBV-plasmid vector/dendrimer complexes constructed in the present study may also be applied to experimental animal models, taking advantage of the in vivo effectiveness of PAAD.
Transfection with pTET.␤ resulted in very poor marker gene expression in both CEA-positive and -negative cell lines. This may be ascribed to the relatively weak activity of the CEA promoter even in CEA-positive cells. 13, 48 pTES.␤ could be transduced effectively and exclusively into CEApositive cells, whereas pSET.␤ showed less selectivity. The results suggest that the expression level of the EBNA1 gene is critically important to the expression of the transgene. If a small amount of EBNA1 is first expressed in the transfected cells, the molecule may induce the expression of not only marker but also secondary EBNA1 molecules, which in turn induce further stronger expression of both genes. In this way, the EBNA1 gene driven by a weak promoter may elicit an intensive expression of the transgene, particularly if the marker gene is driven by a strong promoter.
In conclusion, targeted gene transfer was achieved by using an EBV-based plasmid vector/PAAD equipped with a tumor-specific promoter. The system may be applicable not only to CC but to other CEA-producing malignancies, such as gastric and colon cancers. Further studies are now underway to improve the vector system in terms of specificity and effectiveness and to evaluate the in vivo efficacy of the system.
